This paper presents the development of coordinated control of vehicle systems, specifically for controlled brakes and controlled steering systems. By utilizing a control structure to oversee a four-wheel-steer (4WS) system and a brake-based vehicle stability enhancement (VSE) system, it is possible to achieve improvements in vehicle stability and driver workload/comfort, and to reduce compromises in vehicle handling. The coordinated control is designed to leverage the unique strengths of 4WS and VSE, and to prevent conflicts between them. Vehicle test results prove the viability of the concept.
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INTRODUCTION
Motivated by the demand for safety and performance, control systems for trucks and SUV's have made remarkable progress in recent years to influence the overall motion of the vehicle. Such systems include controlled brakes (ABS, TCS, VSE), controlled steering (4WS, EPS), controlled suspensions (dampers, springs, roll bars), and controlled drivetrains (engines, transmissions). The introduction of 4WS systems for trucks and SUV's is the most recent example of such technology evolution. With so many systems gaining in authority and in sophistication, it is now recognized that there is a need to better manage multiple systems to achieve optimal performance and to eliminate conflicts in regions of overlap. A control structure is proposed to provide such a means to mediate between multiple systems. Figure 1 shows a functional block diagram representation of the control concept.
Both controlled brake systems with ABS/TCS/VSE and controlled steering systems with 4WS have large authority over the yaw-plane motion of the vehicle, directly influencing longitudinal, lateral, and yaw motions.
As first priority, the coordinated control ensures there is no conflict between the two, i.e. that both are working to achieve the same longitudinal, lateral, and yaw motions for the vehicle. Secondly the coordinated control provides a means to optimize overall performance by appropriately distributing workload to each system as needed, taking advantage of the unique strengths of each system. In doing so we see the reduction of some compromises that typically hinder each stand-alone system. This paper is organized in the following way. First an overview is given for controlled steering and brake systems, which includes a description of tire force generation and its impact on vehicle motion. The second section provides motivation for control coordination by discussing the dissimilar capabilities and limitations of each system, and by showing examples of potential conflicts. In the third section, the coordinated control design is presented, showing the structure and discussing the considerations for workload distribution. Lastly, vehicle test results are shown for 2 maneuvers that demonstrate the benefits of control coordination, specifically an emergency lane-change on snow and a split-coefficient braking event.
OVERVIEW OF SYSTEMS AND PHYSICAL PRINCIPLES
The following section presents a review of active steering and braking systems, as well as how they generate forces at the wheels and how the forces contribute to the overall motion of the vehicle.
STEERING
Steering systems are beginning to incorporate various actuation elements, such as 4WS that is available today, and also Active Front Steer (AFS) and Steer By Wire (SBW) in the near future. These systems are able to directly control the steer angle of one or more wheels, and they provide new types of functionality.
Focusing on 4WS for this paper, the active element of 4WS provides a way to steer the rear wheels of a vehicle, while the front wheels are steered with a traditional passive system under control of the driver. Using Delphi's QUADRASTEER™ 4WS as an example, the rear wheels are steered together by a rack with tie rods, and the QUADRASTEER™ system can steer the rear wheels up to 12 degrees for certain applications. A brushless motor drives the rear steer rack through gears, and there is a return-to-center spring mechanism that returns the wheels to center in the event of a system failure. The system includes an electronic controller with power electronics and a microcontroller, along with sensors for handwheel angle and for motor position, and a communication bus provides vehicle speed and other data.
Looking next at how steering systems generate lateral forces at the wheel, refer to Figure 2 , which shows a plan view of a single wheel and vectors representing force and velocity. When the tire's direction of travel is at an angle α to the wheel plane, a lateral force F y develops at the tire-road contact patch. The lateral force, or cornering force, is known to be a function of the tire slip angle α as depicted in Figure 2 . The relationship of force and tire slip angle is also affected by other factors such as road surface friction, normal load, and inflation pressure. Furthermore, any camber angle of the tire will also contribute to lateral force, but it will be considered negligible for this discussion.
Next, the impact on vehicle motion is considered. Figure  3 shows a bicycle model diagram of a vehicle with 4WS. The figure shows lateral forces on the rear wheels due to 4WS motion. Specifically, the rear wheels are steered to an angle δ R with respect to the vehicle coordinate frame. The vehicle is operating with a side-slip angle β R at the rear axle. The rear tire slip angle α R is then: Longitudinal Acceleration Therefore, 4WS affects overall vehicle motion through the generation of rear tire slip angles α R and rear lateral forces. It is important to recognize that the lateral forces and subsequent vehicle motion are limited by several operating conditions including the side-slip angle β R of the vehicle and the surface coefficient of friction, and by the actuation range of motion.
BRAKES
For some time now, controlled brake systems have offered the ability to regulate the longitudinal slip/spin of the tire, to help maintain directional control of the vehicle while also optimizing deceleration and acceleration performance of the vehicle. More recently, brake system features were extended to improve vehicle stability through what is referred to as Vehicle Stability Enhancement (VSE). The purpose of VSE systems is to provide corrective yaw moment to the vehicle to help the driver maintain control during severe oversteer and understeer conditions. The corrective yaw moment is generated by manipulating tire forces through the control of longitudinal slip/spin of the wheels.
Delphi's Traxxar™ brake system is an example of a controlled brake system that includes VSE. The features of the system are the hydraulic modulator, the sensors for wheel speeds, yaw rate, lateral acceleration, handwheel angle, and master cylinder pressure, and an electronic control unit. The electronic controller has power electronics and a microcontroller, along with a communication bus that links to the powertrain system and other vehicle systems.
Looking next at how braking affects forces at the wheel, refer to Figure 4 which shows plan views of 2 wheels. For both cases, the tires are operating at the limit of adhesion as represented by the dashed ellipse. In the left figure, the tire is experiencing maximum cornering force F. In the right figure, braking force is also applied in addition to cornering force. Compared to the left figure, the force vector F has been rotated due to the application of brake force. The lateral component F y is reduced and the longitudinal component F x is increased.
The longitudinal force is a function of the longitudinal slip/spin as well as the tire slip angle. The relationship of force and slip/spin is also affected by other factors such as the road surface friction, the normal load, and the tire inflation pressure. Next, the impact on vehicle motion is considered. Figure  5 shows a plan view diagram of a vehicle that is in an impending oversteer condition. There are cornering forces at each wheel, and the VSE system has also generated a braking force at the outside front wheel. The brake force from VSE activation has 3 impacts on the yaw-plane motion of the vehicle:
1. On yaw moment 2. On lateral acceleration 3. On longitudinal acceleration Thus, VSE influences overall vehicle motion by manipulating tire forces through the control of longitudinal slip/spin of the wheels. 
COMPARISON OF SYSTEM CAPABILITIES
The following section discusses the capabilities and limitations of each control system, specifically for yaw moment generation, intrusiveness, and bandwidth.
The first item for comparison is the capability to generate yaw moment. It has been shown [1] that large yaw moments can be generated by longitudinal tire slip/spin control via brakes and driveline actuations and by lateral tire slip control via 4WS. However the yaw moment magnitude depends on several factors. For example, on a dry asphalt surface where the peak lateral force occurs at large tire slip angles (e.g. α PEAK = 15 degrees), and with rear steer capable of +/-12 degrees actuation, it is possible to maintain maximum lateral force on the rear tires for side-slip angles up to β R = 15+12 = 27 degrees.
Likewise on a slippery surface such as ice, the peak lateral force occurs at a much smaller tire slip angle (e.g. α PEAK = 4 degrees), thus the rear steer is capable of holding maximum lateral force for side-slip angles up to β R = 4+12 = 16 degrees. For β R greater than 16 degrees, the rear lateral force typically decreases rapidly according to the shape of the tire's lateral force curve [2] .
By these examples, we note yaw moment generation via rear steer control depends on the operating slip angle of the vehicle, the surface friction, and the maximum amount of actuation travel.
Another item for comparison is the level of "intrusion" or disturbance to the driver. In some cases, brake-based yaw moment generation may be perceived as intrusive to the driver. That is, brake actuations cause vehicle deceleration, modulator noise, and pedal pulsation that may be objectionable to the driver. To reduce the possibility of unnecessary brake activation and unnecessary disturbance to the driver, the brake-based VSE systems are designed with a control deadband, which prevents activation during all nominal driving conditions.
In contrast, steer-based systems are much less perceptible to the driver since there is little or no audible or tactile feedback and since they cause insignificant deceleration of the vehicle. For these reasons, little or no deadband is needed for steering control, and thus it is possible for the system to react sooner to small perturbations. In this way, a steering system provides a more preventative action for perturbations that might have otherwise grown larger.
For a final comparison item, actuation bandwidth should be considered, especially for certain operating conditions. Both brake and steer system bandwidths are largely functions of actuator designs, and the bandwidths can be comparable. For systems containing hydraulic fluid, responses at low temperatures become critical as fluid viscosity decreases.
For systems containing electric motor actuation, operating voltage may be a critical factor for system response.
Given that steering and braking control systems have different strengths and weaknesses, it is natural to consider their combination to take advantage of the strengths of each. The following sections discuss other motivations and benefits of control coordination.
MOTIVATION FOR COORDINATION
As a first step in realizing the benefits of systems integration, it is necessary to ensure that individual systems are not in conflict. Since both brake systems and steering systems have authority over the generation of yaw moment, it is important to provide coordination so that both systems are generating yaw moment in the same direction with the appropriate magnitude and phase relationship. Without coordination, conflicts can arise that lead to undesirable vehicle response and suboptimal performance. The following section examines 2 cases that lack coordination.
First, consider 2 systems, each with a reference model as part of their control structure. However, in this case neither reference model comprehends the operation of the other system. The reference models generate target state values that are frequently not achieved due to the lack of systems coordination, which leads to excessive activations as systems try unsuccessfully to track the improper target states.
Taking the case of QUADRASTEER™ 4WS steer as an example, the basic mode of control is to steer the rear wheels as a speed-dependent function of front wheel angle. Furthermore, this basic operation is selected by the driver for one of three possible modes: Normal 4WS Mode; Trailer Tow 4WS Mode; and Off Mode. In each mode the relationship of rear wheel angle and front wheel angle is different, so the vehicle's handling response will also depend on the selected mode.
Additionally there are other conditions that will affect the ultimate rear wheel angle such as low-speed swing-out reduction, mode transitions, and fail actions.
If the brake-based system's reference model does not comprehend all of the possibilities noted above, then there will be instances when its reference states do not match the actual states of the vehicle due to the rear steer activity. In these instances the brake-based system will activate and apply brake forces to create a yaw moment change that is actually unnecessary. The driver would perceive this as a nuisance or a problem with the brake system.
A solution to this problem is to establish a common reference model that comprehends all possible activities of the steer and brake systems, thereby ensuring the validity of the reference states. The need for a common comprehensive reference model is an element of the proposed control structure, which is presented in the next section.
In a second case involving the lack of coordination, there is sub-optimal vehicle response due to mismatch of feedback control. In this case, first assume that there is no conflict in reference model matching. That is, a common reference model exists that comprehends all activity of the constituent systems.
Next assume separate and unique feedback control mechanisms that are driven by state errors for yaw rate and side-slip. The designs of these separate controls may be vastly different [3] , possibly yielding dissimilar yaw moment commands, even though each one alone may be an acceptable design that provides acceptable vehicle performance.
In Figure 6 , the plots on the left are an example of vehicle test data in which the 4WS and the brake-based systems were implemented with separate and different feedback control methods that are uncoordinated. The maneuver was an emergency lane change on groomed snow. In this data we see instances where the individual yaw moment commands are dissimilar, to the extent of being in opposition at times.
For the purpose of comparison, the plots on the right side of Figure 6 show the case of control coordination where the yaw moment command is identically the same for the 2 systems. With coordination of feedback control, the overall vehicle response is notably better (less side-slip angle of the vehicle, less driver steering workload), and there is less actuation of brakes and rear steer.
The above demonstrates the need for a common feedback control. The shared feedback control is another element of the proposed control structure, presented in the following section. 
CONTROL DESIGN
In this section a control structure is proposed to coordinate multiple chassis systems. There are several possible ways to achieve system coordination, and for this evaluation a supervisory control structure is employed. The structure is shown in Figure 7 , which includes a reference model, a state estimator, and a feedback control. The control is designed to achieve 2 goals:
1. Elimination of conflicts among constituent systems. 2. Optimization of vehicle performance by leveraging the strengths of each system.
An advantage of this type of structure is its scalability for a given set of sensors and actuators. For the purposes of this paper, the actuation systems are brakes and steering, thus the control will focus on the coordination of yaw-plane motion. Alternatively, if other systems were available, such as controlled suspension systems, then the coordinated control could be expanded to also include ride modes (heave, pitch, roll). For this discussion, we will concentrate solely on the management of motion in the yaw-plane.
The first element of the control design is the reference model. The purpose of the reference model is to determine desired states of the vehicle based mainly on driver's inputs of handwheel, brake, and throttle. In the case of yaw-plane control, the outputs of the reference model are the desired states of yaw rate and side-slip.
Unique to this application is the inclusion of the present status of the rear steer system, which is an additional input to the reference model. As noted in a previous section, a common reference model must account for the basic operation of individual systems, such as the rear steer mode (Normal, Trailer Tow, Off) and other conditions (Fail Action, Low Speed Swing-Out Reduction, etc.). By including the present status of the rear steer system as an additional input to the reference model, the output desired states are then valid for all nominal operating conditions. A second element of the control design is the state estimator. The purpose of the state estimator is to determine the actual states of the vehicle, based on sensor signal inputs. For yaw-plane motion, the primary sensor inputs are yaw rate, lateral acceleration, wheel speeds, handwheel angle, engine torque, master cylinder pressure, brake pedal force/position, and rear wheel angle. The state estimator performs diagnostic checks of the sensor signals, removes biases as necessary, and also calculates other states and conditions such as side-slip angle, vehicle velocity, longitudinal tire slip/spin, road bank angle, road friction, and reverse motion.
An advantage of a common state estimator is the availability of more measured states than that of the individual systems. This gives improvement in quality of the estimated states, since more information is available.
The third element of the control design is the feedback control (FBC). In the case of yaw-plane motion control, it is the duty of the FBC to compare the desired and actual states of the vehicle, and to then generate the command for change in yaw moment. Several control strategies are known such as those cited in [3] .
As noted in a previous section, the use of a common feedback control in the supervisory control implementation optimizes the integrated control of multiple systems. The proposed FBC provides this capability. The common yaw moment command from the FBC provides the necessary coordination and eliminates potential conflicts between individual systems as seen in an earlier example.
It is also the duty of the FBC to distribute the yaw moment command to the constituent systems in an optimal way. To determine the criteria for yaw moment distribution, the design of the FBC must consider the capabilities and limitations of each system, specifically:
• The ability to generate yaw moment • Intrusiveness to the driver • Bandwidth or responsiveness These items were discussed earlier, and their relation to control distribution is presented next.
The FBC must first determine the existing operating conditions, and then decide if one system or the other or both must be activated. It is understood that if the present condition is controllable by either steer alone or by brake alone, then priority is given to steer due to its non-intrusive nature.
Brake activation has an undesirably intrusive aspect, so it is given second priority.
In making the actuation decision, the FBC uses information on road surface friction and on the degree of actuation saturation.
Saturation means that the actuation of a system has reached a maximum in term of yaw moment generation, and can't generate anything more. In the case of steering, saturation may be reached due to road friction or due to actuator end-oftravel.
For example, if steer had been acting alone and had subsequently reached a saturation level in yaw moment generation, the brakes are activated to provide additional yaw moment as needed. The steer saturation point is known to vary based on surface friction. Specifically, steer saturation occurs at small tire slip angles for icy road surfaces, but at much larger tire slip angles on gravel and on dry surfaces. Thus the FBC will require relatively less activity from brakes when operating on gravel and on dry surfaces than on ice.
Furthermore, the responsiveness of the steering and brake systems is affected by temperature and voltage conditions. Knowledge of these conditions can be applied to influence the distribution of control.
As a side note, the complementary aspects of the systems' response characteristics can also influence the selection of mechanical components. For example, brake precharge mechanisms are sometimes used to improve hydraulic response for low temperature conditions. With steering also available to help generate yaw moment, the hydraulic response requirement could be relaxed, perhaps to the point of not needing the precharge mechanism.
This section has described the design of the coordinated control structure and presented considerations for the distribution of the yaw moment command. The coordinated control has been evaluated in simulation and in vehicle tests, and the following section shows some typical results.
RESULTS
This section presents some results of the evaluation of the coordinated control.
The control structure is implemented as a supervisory controller in a rapid prototyping environment and tested on a full size pick-up truck. The truck is equipped with a QUADRASTEER™ 4WS system and a Traxxar™ brake control system, and it also is fitted with additional safety equipment such as a roll cage, outriggers, and 5-point harnesses.
snow surface and a panic brake maneuver on a splitcoefficient surface (ice on one side and dry concrete on the other).
Both maneuvers require significant management of the vehicle's yaw moment, thus highlighting the capability of the control systems.
For each maneuver, two control configurations are evaluated and compared.
One configuration is a baseline control configuration and the other is the coordinated control configuration for VSE and 4WS actuation. Figure 8 shows the vehicle test data for the emergency lane change maneuver on groomed snow. For this maneuver, the truck was driven at constant speed, and the driver applied a large and quick handwheel input to initiate the lane change followed by a second handwheel input to try to straighten out in the adjacent lane. Figure 8 show data for the baseline control configuration, i.e. VSE is acting alone to stabilize the vehicle and there is no control coordination. It is noted that the 4WS system was operating in its basic mode of control wherein rear wheel angle is strictly a function of handwheel angle and vehicle speed.
EMERGENCY LANE CHANGE ON SNOW

The 3 upper plots in
For this case, the data shows that the driver had to apply a third handwheel input to counteract the side-slip angle of the vehicle. This third handwheel input is referred to as countersteer during the recovery phase. It should be noted that the VSE system provided some benefit by allowing time for the driver to react to recover the vehicle. Without VSE, the vehicle would have been unmanageable and the driver would have likely lost control, resulting in a spin-out condition.
The 3 lower plots in Figure 8 show data for the coordinated control configuration, i.e. both VSE and 4WS are working in a coordinated way to stabilize the vehicle. Comparing the results for the two control configurations, we can make the following observations:
• For the coordinated control case, the vehicle has less side-slip angle during the recovery phase, implying an improvement in overall stability.
• The driver's handwheel input is much less during the recovery phase for the coordinated control configuration, implying an improvement in driver workload.
• For the coordinated control case, there is less brake actuation. The actuation workload is shared between 4WS and brakes, with 4WS given first priority. This implies an improvement
The following results are from 2 common maneuvers, specifically an emergency lane change maneuver on a in overall comfort (reduction in intrusion) since there is less brake activity. The 4WS and brake activation are well coordinated. Both impart a change in yaw
• moment that is in the same direction (no opposition). These results demonstrate a reduction in the typical compromises of stability control systems, which is represented by the diagram of Figure 9 . VSE systems are tuned with a trade-off between stability and driver comfort as represented by the lower line in the figure. For example a highly stable system is less comfortable (more intrusive) as depicted by point A. Conversely a more comfortable system provides less stability as depicted by point B. The tuning engineer is constrained to points along the line, trading comfort for stability. By adding 4WS and using a control structure to coordinate both 4WS and VSE, the vehicle performance can go beyond the line, providing both higher comfort and higher stability, depicted by point C. The control of vehicle motion on split-coefficient road surfaces is a challenging problem due to the large difference in side-to-side longitudinal forces. During braking and acceleration, the force difference causes large rotation (yaw) of the vehicle that can lead to spinout, even for skilled drivers. Controlled brake systems with ABS and TCS have the ability to automatically manage the longitudinal forces and help maintain directional stability. With most ABS today, vehicle stability is mainly managed by limiting the apply rate of brake pressure to the front wheel on the high-coefficient side, but at the expense of deceleration performance.
Thus, brake control systems are tuned for a compromise between deceleration and lateral stability for splitcoefficient events, as depicted by Figure 10 . In one extreme, ABS can be tuned to give maximum stability at the expense of deceleration, represented by point A in the figure. In another extreme, ABS can be tuned to give high deceleration at the sacrifice of directional stability, represented by point B in the figure.
The addition of 4WS systems now offers another means to manage directional motion. By carefully coordinating the control of the brake and steering systems, vehicle performance is optimized for maneuvers on splitcoefficient surfaces by allowing the brake system to generate maximum deceleration and using the steering system to maintain directional stability. This is shown as point C in the figure, which represents another example of a reduction in the typical compromises of stability controls.
Figure 10: Trade-off of stability and deceleration Figure 11 shows the vehicle test data for the panic braking maneuver on a split-coefficient surface, where the road friction coefficient is significantly different between the left and right side wheels. In this case, ice was on the right side and dry concrete was on the left side. The vehicle's initial velocity was 70 kph, and the driver initiated braking at time = 1 second.
The 3 upper plots in Figure 11 show data for the baseline control configuration, i.e. ABS is acting alone to stabilize the vehicle and there is no 4WS activation and no coordinated control. For this case, the driver had to apply a large handwheel input to counteract the brakeinduced yaw moment, to keep the vehicle on a straight course. It should be noted that the ABS system provided some benefit by allowing time for the driver to react to stabilize the vehicle. Without ABS, the vehicle would have been unmanageable and the driver would have likely lost control, resulting in a spin-out condition.
The 3 lower plots in Figure 11 show data for the coordinated control configuration, i.e. both ABS and 4WS are working together in a coordinated way to stabilize the vehicle. Comparing the results for the two configurations, we can make the following observations:
• For the coordinated control case, the vehicle has better deceleration and is able to stop in a shorter distance, due to the fact that ABS is tuned to achieve optimum deceleration.
• The driver's handwheel input is much less for the coordinated control configuration, implying an improvement in driver workload. The reduction in driver countersteer is due to the fact 4WS provides most of the lateral force needed to balance the brake-induced yaw moment.
CONCLUSION
This paper described a method to coordinate a 4WS and a brake system to achieve improvements in vehicle performance. Since both systems have authority over yaw-plane motion, it is essential to coordinate them to eliminate conflicts and to leverage their strengths.
Each system influences yaw-plane motion differently. Brakes directly affect longitudinal forces at the tires, while 4WS affects lateral forces at the rear tires. It was shown that the ability to generate yaw moment depends on several factors, including vehicle side-slip angle and surface friction. The 4WS system is less intrusive than brakes, and system bandwidths are affected differently by temperature and by operating voltage.
A supervisory control structure implementation was presented which met the requirements, namely the need for coordinated control. In the design, consideration was given to the noted strengths of each system, which drove the strategy for control distribution. Test results were presented for 2 maneuvers that require yaw moment management. In both cases, the results for the coordinated control of brakes and 4WS were compared to typical brake-only operation. The coordination method achieved significant improvements in terms of stability, driver workload, driver comfort, and deceleration. The coordinated control overcomes the typical compromises in stability vs. comfort and in stability vs. deceleration.
Lastly, the ideas presented here are applicable to trucks as well as passenger cars. The ideas can be extended to other actuation systems such as Active Front Steer, Active Dampers, and Active Roll Control, given the scalability of the coordinated control structure.
